1. Introduction {#sec1-nanomaterials-07-00148}
===============

Antioxidants inhibit the oxidation process in biological systems and the environment by acting as free radical scavengers, reactive oxygen scavengers, or reducing agents \[[@B1-nanomaterials-07-00148],[@B2-nanomaterials-07-00148]\]. Recently, a number of studies have investigated the antioxidant activities of synthetic as well as natural antioxidants \[[@B3-nanomaterials-07-00148],[@B4-nanomaterials-07-00148],[@B5-nanomaterials-07-00148]\]. Caffeic acid (CA) has been increasingly studied in pharmacological research owing to its antioxidant, cardiac, immunomodulatory, and anti-inflammatory activities \[[@B6-nanomaterials-07-00148],[@B7-nanomaterials-07-00148],[@B8-nanomaterials-07-00148]\]. CA is a natural phenolic acid widely found in plants and at high levels in some herbs, spices, and sunflower seeds. It is also one of the major natural phenols in argan oil.

In the pharmaceutical, biological, and food industries, natural antioxidants have been introduced into substrate materials to prevent or reduce oxidation in situations where free antioxidants cannot be used, such as under ambient O~2~, volatilization, and thermal instability \[[@B9-nanomaterials-07-00148],[@B10-nanomaterials-07-00148],[@B11-nanomaterials-07-00148]\]. Nanoparticles are now widely used throughout the pharmaceutical, catalyst, electronics, nano-patterning, and tissue engineering industries \[[@B12-nanomaterials-07-00148],[@B13-nanomaterials-07-00148],[@B14-nanomaterials-07-00148],[@B15-nanomaterials-07-00148]\]. Nanoparticles often possess unique nanoscale size-dependent physical and chemical properties that can be controlled in a manner that is not possible in the bulk state. Among the various nanoparticles, ZnO nanoparticles have been extensively investigated over the past decade in the fields of materials science, biotechnology, and medical engineering for their potential applications as catalysts and chemical absorbents \[[@B16-nanomaterials-07-00148],[@B17-nanomaterials-07-00148]\]. A previous in vitro study of ZnO nanoparticles showed that particle size, particle morphology, surface modifications, and reactivity in aqueous solutions determined their biocompatibility \[[@B18-nanomaterials-07-00148],[@B19-nanomaterials-07-00148]\]. In particular, ZnO nanoparticles exhibit high antimicrobial activity even at low concentrations. They offer many advantages as an antibacterial agent because of their good stability at high temperatures and pressures and long shelf life when compared to organic antibacterial agents. By employing various strategies to modify and tailor ZnO nanoparticle surfaces, multifunctional nanoparticles with improved aqueous dispersion and biocompatibility have been developed that can be used for targeted drug delivery and bioimaging \[[@B20-nanomaterials-07-00148],[@B21-nanomaterials-07-00148],[@B22-nanomaterials-07-00148]\]. However, although considerable progress has been made in the preparation of multifunctional ZnO nanoparticles for biological applications, ZnO nanoparticles with antioxidant properties have not been reported.

In the present study, we describe a simple surface modification process that functionalizes 20 nm ZnO nanoparticles with the antioxidant CA. The antioxidant activity of the resulting ZnO\@CA was evaluated using an ABTS (3-ethyl-benzothiazoline-6-sulfonic acid) radical cation decolorization assay and compared to that of free CA. The prepared ZnO\@CA was tested for its antimicrobial activity against *Escherichia coli*, *Staphylococcus aureus*, and methicillin-resistant *S. aureus* (MRSA). The physical and structural properties of ZnO\@CA nanoparticles were also investigated. To the best of our knowledge, this is the first demonstration of antioxidant and antibacterial activities by a functionalized ZnO nanoparticle. This novel multifunctional nanoparticle represents a promising material for therapeutic applications in biomedical engineering.

2. Results and Discussion {#sec2-nanomaterials-07-00148}
=========================

The morphology, structure, and size of ZnO\@CA nanoparticles were investigated using FESEM, high resolution transmission electron microscopy (HRTEM), and X-ray diffraction (XRD). [Figure 1](#nanomaterials-07-00148-f001){ref-type="fig"} shows FESEM images of ZnO\@CA nanoparticles synthesized at a molar ratio of 1:2 (Zn nitrate:KOH). FESEM images of ZnO\@CA nanoparticles revealed a spherical shape with a narrow size distribution. They were assembled in aggregates, as shown in [Figure 1](#nanomaterials-07-00148-f001){ref-type="fig"}a. The high-magnification SEM image shows very small ZnO\@CA crystallites with various spherical shapes. The average size of the ZnO\@CA nanoparticles was about 20 nm, which is consistent with the size of the nanoparticles determined by XRD analysis of Sherrer's formula.

The microstructure of the ZnO\@CA nanoparticles was characterized using HRTEM. As illustrated in [Figure 2](#nanomaterials-07-00148-f002){ref-type="fig"}a, many ZnO\@CA nanoparticles with a single crystalline nature were confirmed in the agglomerated particles. The mean size of a single nanoparticle was approximately 20 nm ([Figure 2](#nanomaterials-07-00148-f002){ref-type="fig"}a). In [Figure 2](#nanomaterials-07-00148-f002){ref-type="fig"}b, the ZnO\@CA nanoparticles are single crystalline with an appropriate distance of 2.63 Å between two neighboring planes. This crystalline property is consistent with the neighboring crystal planes (002) of the wurtzite structure of ZnO.

[Figure 3](#nanomaterials-07-00148-f003){ref-type="fig"} shows a typical XRD pattern of ZnO\@CA nanoparticles in the range of 10--80° at a scanning step of 0.01. A number of Bragg reflections with values of 31.7°, 34.3°, 36.2°, 47.5°, 56.5°, 62.8°, 66.3°, 67.9°, and 69.1° were observed corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes, respectively \[[@B23-nanomaterials-07-00148]\]. All diffraction peaks in the XRD pattern can be indexed to the wurtzite ZnO structure (hexagonal phase, space group *P*63*mc*, and JCPDS No. 36-1451) \[[@B24-nanomaterials-07-00148]\]. The large amplitudes and small widths of the diffraction peaks indicate a high degree of crystallinity in ZnO\@CA nanoparticles, as does the absence of other peaks in the XRD pattern, which might indicate the potential presence of impurities. To estimate the average crystallite size (D) of ZnO\@CA nanoparticles, diffraction peak profiles were fit with a convolution of Lorentzian functions (inset of [Figure 3](#nanomaterials-07-00148-f003){ref-type="fig"}), and the extent of line broadening was estimated using the Scherrer equation \[[@B25-nanomaterials-07-00148]\] $$D\  = \ \frac{0.9\lambda}{\beta~ \times \ cos\theta}$$ where D is the crystallite size (nm), *λ* is the wavelength of incident X-ray (0.154 nm), *β* is the full width at half maximum, and *θ* is the Bragg's diffraction angle. The mean crystallite size of ZnO\@CA nanoparticles was 19.3 nm, which was calculated using the most intense peak (101) in the XRD pattern.

To confirm that a covalent bond had formed between the carboxyl group of CA and the Zn ions on the surfaces of the ZnO nanoparticles, Fourier transform infrared (FT-IR) spectroscopy analyses of free ZnO, CA, and ZnO\@CA nanoparticles were performed ([Figure 4](#nanomaterials-07-00148-f004){ref-type="fig"}). First, the FT-IR spectrum of ZnO could not confirm any vibrational peaks of the CA molecules. Second, the IR spectrum of pure CA showed major absorption peaks at 1650, 1450, and 1278 cm^−1^, which corresponded to the stretching modes of the free carboxyl double bond (υ~C=O~), the carbon--oxygen single bond (υ~C-O~), and the O-H deformation (υ~C-OH~), respectively (top panel of [Figure 4](#nanomaterials-07-00148-f004){ref-type="fig"}) \[[@B26-nanomaterials-07-00148]\]. Absorption peaks at these positions are consistent with the IR spectrum of protonated carboxyl groups (COOH). In contrast, the IR spectrum of ZnO\@CA nanoparticles showed new peaks at 1558 and 1378 cm^−1^, which correspond to the asymmetric (υ~as~ = 1558 cm^−1^) and symmetric (υ~s~ = 1378 cm^−1^) stretching modes of the carboxylate group (bottom panel of [Figure 4](#nanomaterials-07-00148-f004){ref-type="fig"}). These results indicate that the carboxyl group of CA is covalently bound to the Zn ions on the surfaces of ZnO nanoparticles.

ZnO\@CA nanoparticles and free CA were evaluated for their ability to scavenge ABTS radicals. ZnO\@CA nanoparticles were estimated to have on average four CA molecules per particle and exhibited favorable dispersion and stability in water. The abilities of ZnO\@CA nanoparticles and free CA to scavenge ABTS radicals are shown in [Table 1](#nanomaterials-07-00148-t001){ref-type="table"}. Free CA scavenged ABTS radicals in a concentration-dependent manner, exhibiting its highest activity (93.25%) at the highest concentration tested (100 µM). The *o*-dihydroxybenzene moiety of CA exhibited high antioxidant activity because it is converted to stable *o*-quinone derivatives by reaction with ABTS radicals. At concentrations between 20 and 100 µM, ZnO\@CA nanoparticles robustly scavenged ABTS radicals, with activities ranging from 44.99% to 73.68%, respectively. The reduced antioxidant activity of ZnO\@CA nanoparticles compared to that of free CA may be attributed to steric repulsive forces between nanometer-sized ZnO and ABTS radicals. From these results, it was confirmed that the CA molecules were responsible for the antioxidant activity of the ZnO\@CA nanoparticles. CA, which is a plant secondary metabolite, is well known as a natural antibiotic \[[@B27-nanomaterials-07-00148]\]. In addition, CA molecules are known to be biocompatible with a high affinity to cells. Therefore, the ZnO\@CA nanoparticles will generate a significant synergy for the antimicrobial activity. In future, this functional coating technology could be an alternative for preventing microbism in clinical applications.

For a quantitative antibacterial test of ZnO\@CA nanoparticles, we used a static culture method after mixing the bacterial solution and the nanoparticles due to the properties, which tend to sink to the bottom depending on their weight. With this method, we assessed the antibacterial activity of the nanoparticles without any target molecules on the surface of them.

The antibacterial activities of ZnO\@CA nanoparticles were evaluated by measuring the total number of viable bacterial cells against five bacterial strains, including both Gram-negative and Gram-positive strains and three MRSA strains. As shown in [Figure 5](#nanomaterials-07-00148-f005){ref-type="fig"}, ZnO\@CA nanoparticles showed more effective antibacterial activity than CA or ZnO nanoparticles. CA had no antibacterial activity, whereas ZnO nanoparticles showed antibacterial activity against Gram-negative and Gram-positive bacteria at high concentrations (over 100 µg/mL). However, the ZnO\@CA nanoparticles exhibited strong bacterial killing activities against both Gram-negative and Gram-positive bacterial cells. In particular, Gram-positive bacteria such as *S. aureus* and MRSA, including two clinical MRSA isolates (MRSA-2 and MRSA-3), were completely inhibited by the ZnO\@CA nanoparticles, which showed perfect killing efficiency. The antibacterial efficiencies of the ZnO\@CA nanoparticles were dependent on the cell type, as they inhibited the growth of MRSA (including clinically isolated strains) more efficiently than that of Gram-negative bacteria (*E. coli*). The ZnO\@CA nanoparticles showed greater antibacterial activity against Gram-positive strains than against Gram-negative bacteria with high selectivity. The highly selective antibacterial activity against Gram-positive bacteria, particularly against MRSA, was also confirmed by confocal fluorescence microscopy images ([Figure 6](#nanomaterials-07-00148-f006){ref-type="fig"}). The images show live and dead bacterial cells stained with SYTO-9 (green) and propidium iodide (PI, red) fluorescent dyes, respectively. *S. aureus* and clinical isolates of MRSA were completely killed by the ZnO\@CA nanoparticles, and many dead MRSA cells were observed after only 2 h of incubation. However, some *E. coli* cells survived after incubation with ZnO\@CA nanoparticles. The fluorescent images of live and dead cells show the selectivity of the ZnO\@CA nanoparticles for the Gram-positive bacterial cells of *S. aureus* and MRSA strains.

Overall, the results described above suggest that the ZnO\@CA nanoparticles not only exhibit potent antioxidant activity but also completely inhibit the growth of Gram-positive bacteria, particularly MRSA, with high selectivity, although, the ZnO\@CA nanoparitcles need to confirm their biocompatibility in vitro and in vivo and the functionality also have to be tested on the pathogenic bacterium in vivo in the future.

3. Materials and Methods {#sec3-nanomaterials-07-00148}
========================

3.1. Preparation of ZnO\@CA Nanoparticles {#sec3dot1-nanomaterials-07-00148}
-----------------------------------------

ZnO nanoparticles with a diameter of 20 nm were prepared using previously described methods \[[@B28-nanomaterials-07-00148]\]. In a typical preparation, 0.03 M Zn(NO~3~)~2~·6H~2~O was dissolved in 110 mL ethanol and agitated ultrasonically for 15 min. After 15 min, 40 mL KOH ethanol solution was added under vigorous stirring (the molar ratio of Zn(NO~3~)~2~ to KOH was fixed at 1:2). The solution was maintained at room temperature (RT) for 1 h until the solution temperature dropped. After reflux reaction at 80 °C for 10 h and returning the solution temperature to RT, the resulting amber-colored precipitate was separated by centrifugation, washed with deionized water and absolute alcohol several times, and then dried in a vacuum oven at 60 °C for 6 h.

In order to conjugate CA molecules, the surface of ZnO nanoparticles were treated with micro-dielectric barrier discharge (DBD) plasma for 30 min under an electrical discharge power of approximately \<3 W (0.7 kV, 5 mA, and phase angle of \~1 radian), as previously reported \[[@B29-nanomaterials-07-00148]\]. Antioxidant functionality of the ZnO nanoparticles was provided by a wet chemical process with CA as follows. ZnO nanoparticles prepared in ethanol (EtOH) (20 mg/mL) were mixed with a 2.08 × 10^−5^ M solution of CA/EtOH and agitated at RT for 24 h. After 24 h, the product was washed with EtOH several times. After the final wash, residual EtOH was further removed, and the product was dried at 60 °C for 12 h.

3.2. Physical Characterization of ZnO\@CA Nanoparticles {#sec3dot2-nanomaterials-07-00148}
-------------------------------------------------------

The morphology and size of ZnO\@CA nanoparticles were determined by field emission scanning electron microscopy (FESEM, SU--70, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan). Crystallographic properties of ZnO\@CA nanoparticles were investigated with an X-ray diffractometer (XRD, X' Pert Pro MPD, PANalytical, Almelo, The Netherlands) operated at 40 kV and 150 mA in a 2*θ* range of 20--80°. IR spectra were obtained using a PerkinElmer Spectrum 100 FT-IR spectrometer.

3.3. Evaluation of Antioxidant Activity of ZnO\@CA Nanoparticles {#sec3dot3-nanomaterials-07-00148}
----------------------------------------------------------------

ABTS assays were performed using the following methods described by Arnao et al., but with modifications \[[@B30-nanomaterials-07-00148]\]. The ABTS radical cation (ABTS•+) was produced by mixing solutions of 7 mM ABTS and 2.4 mM potassium persulfate at equal ratios and incubating the solution at RT in the dark for 24 h. The solution was then diluted with methanol, and the absorbance was measured with a spectrophotometer until an absorbance of 0.7--1 units at a wavelength of 734 nm was achieved. Different concentrations of ZnO\@CA nanoparticles were added to diluted ABTS•+ solutions for 30 min at 37 °C in the dark, after which the absorbance of the solution at a wavelength of 734 nm was measured using a spectrophotometer. The ability of ZnO nanoparticles to scavenge ABTS•+ radicals was calculated using the equation

3.4. Assessment of Antibacterial Activity of ZnO\@CA Nanoparticles against Bacterial Cells {#sec3dot4-nanomaterials-07-00148}
------------------------------------------------------------------------------------------

To confirm the antibacterial activity of the ZnO\@CA nanoparticles, we used five strains of bacteria including three strains of MRSA, as follows. Two strains each of the Gram-negative and Gram-positive bacteria *E. coli* ATCC 11775 and *S. aureus* ATCC 14458 were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). MRSA-1 (KCCM 40510) was obtained from the Korean Culture Center of Microorganisms (KCCM, Sedaemun-Gu, Seoul, Korea). Two clinically isolated MRSA strains were acquired: MRSA-2, isolated from patients at the Korea University Anam Hospital, and MRSA-3, isolated at the Yonsei Medical Center in Seoul, Korea, were both kindly donated by the respective hospitals \[[@B31-nanomaterials-07-00148],[@B32-nanomaterials-07-00148]\].

*E. coli* (ATCC 11775) and *S. aureus* (ATCC 14458) were grown on plate count agar (PCA, Becton, Dickinson and Company, Sparks, MD, USA), and the three MRSA strains were grown on Brain Heart Infusion agar (BHIA, Becton, Dickinson and Company, Sparks, MD, USA) at 35 °C for 24 h. All bacterial strains were passaged twice at 48 h intervals before use.

For assessing the antibacterial activity of ZnO\@CA nanoparticles, we used two methods: a quantitative method and a qualitative method. For the quantitative method, bacterial cells from each bacterial colony were suspended at \~10^6--7^ colony forming units (CFU)/mL in nutrient broth for *E. coli* and *S. aureus* and in BHI broth for MRSA strains. Bacterial cells in each broth solution were diluted 10-fold to \~10^5^--10^6^ CFU/mL and incubated with various concentrations of CA, ZnO, and ZnO\@CA nanoparticles in 24-well plates at 35 °C for 24 h in static condition. After incubation with the samples, the bacterial cells in each well were inoculated onto BHI agar after serial 10-fold dilutions (10 to 10^7^) and incubated for 24 h. Bacterial cell viability was determined by counting the CFU, and the antibacterial activity of the ZnO\@CA nanoparticles was determined by plotting the total number of viable bacterial cells as CFU/mL vs. the concentrations of the samples. Antibacterial activity of the ZnO\@CA nanoparticles was defined as a \>3 log decrease in CFU/mL.

The antibacterial activity of the ZnO\@CA nanoparticles was confirmed with a confocal fluorescence microscope using live and dead bacterial cell images, after staining with two kinds of fluorescent dyes, green for live cells and red for dead cells. Each bacterial strain was suspended in normal saline solution. Bacterial cells at \~10^6^--10^7^ CFU/mL were inoculated onto sterilized cover glasses coated with poly-[l]{.smallcaps}-lysine in 24-well plates and incubated for 1 h to allow cells to attach to the cover glasses. Suspended bacterial cells were discarded after incubation, and the cover glasses in each well were gently rinsed three times with sterilized 0.9% saline solution to remove unattached bacterial cells. Bacterial cells on the cover glasses were incubated with ZnO and ZnO\@CA nanoparticles for 24 h. After incubation, live and dead bacterial cells on the cover glass were stained with LIVE/DEAD BacLight Bacterial Viability Kits (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions. Live and dead bacterial cells were analyzed with a laser scanning confocal fluorescence microscope (FV-1200, Olympus, Tokyo, Japan) with 20× objective lenses and fluorescence optics (excitation at 485 nm for SYTO 9 and PI and emission at 530 nm for SYTO 9 and 630 nm for PI). Confocal fluorescence images of live and dead bacterial cells were analyzed using imaging software (Imaris, Bitplane, Concord, MA, USA).

3.5. Statistical Analysis {#sec3dot5-nanomaterials-07-00148}
-------------------------

All samples were tested in duplicate for each experiment, and each experiment was repeated three times (*n* = 6). Quantitative data are expressed as the means ± standard deviation (SD). Statistical comparisons were performed with a Student's *t*-test. A value of *p* \< 0.05 was considered statistically significant.

4. Conclusions {#sec4-nanomaterials-07-00148}
==============

In summary, we have for the first time, successfully fabricated ZnO nanoparticles with antioxidant and antibacterial activities. The ZnO nanoparticles were fabricated by covalently conjugating CA to ZnO nanoparticles using by a simple surface modification method. ZnO\@CA nanoparticles with an average diameter of 20 nm were synthesized and characterized by FESEM, TEM, FT-IR, and XRD. Importantly, their antioxidant and antibacterial activities are robust and well suited for applications in biological technologies. In the future, nanoparticles of various sizes could be functionalized with widely used natural antioxidants and with specific targeting ligands to produce multifunctional nanomaterials for use in bioimaging and as antibacterial and anticancer therapeutic agents in the pharmaceutical industry.
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![(**a**) Low and (**b**) high magnification FESEM images of ZnO\@CA nanoparticles. The ZnO\@CA nanoparticles have a spherical shape with a narrow size distribution. The mean size of the ZnO\@CA nanoparticles is \~20 nm.](nanomaterials-07-00148-g001){#nanomaterials-07-00148-f001}

![(**a**) Low magnification and (**b**) high magnification TEM micrographs of ZnO\@CA nanoparticles. The interlayer distance of the lattice fringe is estimated to be ≈2.63 Å, which is comparable to those of the (002) planes in the typical wurtzite structure of ZnO.](nanomaterials-07-00148-g002){#nanomaterials-07-00148-f002}

![XRD spectrum of ZnO\@CA nanoparticles. All diffraction peaks can be indexed to the wurtzite type lattice of ZnO, which matches well with the standard XRD pattern (JCPDS No. 36-1451).](nanomaterials-07-00148-g003){#nanomaterials-07-00148-f003}

![FT-IR spectra of free ZnO, CA, and ZnO\@CA nanoparticles. The carboxylrate group of CA is bounded to the surface of the ZnO nanoparticle symmetrically through its two oxygen atoms.](nanomaterials-07-00148-g004){#nanomaterials-07-00148-f004}

![Antibacterial activities of ZnO\@CA nanoparticles against Gram-negative and Gram-positive bacteria, including clinical isolates of methicillin-resistant *Staphylococcus aureus* (MRSA) strains. Antibacterial activities of the ZnO\@CA nanoparticles against (**a**) *Escherichia coli*; (**b**) *Staphylococcus aureus*; (**c**) MRSA-1; (**d**) MRSA-2 (clinically isolated strain); and (**e**) MRSA-3 (clinically isolated strain). The killing efficiencies of the ZnO\@CA nanoparticles against five bacterial strains, including clinical isolates of MRSA strains, are shown. The strains were incubated with the various concentrations of ZnO\@CA nanoparticles and CA for 24 h. Data are expressed as means ± standard deviation (*n* = 6), as determined by the Student's *t*-test. *p* \< 0.05 was considered to indicate statistical significance (\* *p* \< 0.05, \*\* *p* \< 0.005 vs. control).](nanomaterials-07-00148-g005){#nanomaterials-07-00148-f005}

![Live and dead cell images of bacteria (*E. coli*, *S. aureus*, MRSA-1, MRSA-2, and MRSA-3) using a confocal fluorescence microscope after incubation with ZnO and ZnO\@CA nanoparticles. The bacterial cells of the five strains on the cover glass were incubated at 35 °C with ZnO and ZnO\@CA nanoparticles for 24 h. The images show live and dead bacterial cells stained with SYTO-9 (green) and propidium iodide (PI, red) fluorescent dyes, respectively. All samples were tested in duplicate for each experiment, and each experiment was repeated three times (*n* = 6). There were no significant differences on live and dead cell imaging in each sample. Scale bars represent 50 μm.](nanomaterials-07-00148-g006){#nanomaterials-07-00148-f006}
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ABTS radical scavenging activity.

  Sample         Concentration (µM)   \% Inhibition
  -------------- -------------------- --------------------
  CA:ZnO         20                   44.99 ± 0.48
  CA:ZnO         40                   73.68 ± 2.51 ^a^
  CA:ZnO         100                  51.88 ± 3.56 ^a^
  Caffeic acid   20                   47.98 ± 0.72
  Caffeic acid   40                   78.62 ± 0.73 ^a^
  Caffeic acid   100                  93.25 ± 0.43 ^a,b^

Results are shown as the means ± SD of three independent experiments. Significant differences between groups were determined using a one-way ANOVA with post-hoc Tukey's test, and *p* \< 0.05 was considered significant. ^a^ Significant compared to activity at the lowest concentration of the same sample; ^b^ Significant difference between the two different samples at the same concentration.
